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INTRODUCTION

In studies on the electrolvte phenomena in health and disease,
serum determinations give direct information regarding both the
vascular and extravascular extracellular fluid compartment since
the vascular membrane is semipermeable and the concentration
of electrolytes on hoth sides of this membrane are essentially the
same.  However, the cell wall is an entirely different sort of
membrane, the exact nature of which 1s still obscure. As a conse-
quence, the concentration of electrolytes is quite different on the
two sides of this membrane and serum determinations give little
direct information regarding the intracellular compartment. This
compartment contains approximately two-thirds of the total
hody water, practically all of the body potassium, and the greatest
percentage of magnesium, phosphate, protein and other substances
found i the bhody.”™* The cell is the actual “living” portion
of the Lody as compared to the extracellular portion which is
primarily transport. Hence, observations on the fluid and elec-
trolvte content of the intracellular compartment should give much
more pertinent information as to the nature and effect of disease
processes.

For this reason, the composition of the intracellular com-
partment has received increasing attention in recent vears. Spor-
adic observations were made years ago, hut only within the past
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ten to fifteen years has a large body of evidence been accumulated.
Balance studies on animals™® and humans®!' have contributed
much toward our knowledge of the alterations that take place
in the intracellular compartment under certain circumstances.
However, such studies are of limited value and must be inter-
preted with caution hecause their validity rests on certain assump-
tions which may or may not be true under all conditions. Much
has been learned from direct tissue analyses in animals,!? 3! since
this permits extensive observations to he made under a variety of
abnormal circumsances. Such studies likewise have their limitations
hecause of the questionable direct application to human disorders
and the mability to produce certain human diseases in the animal.
Human tissues have heen studied post-mortem,' 3133 hut these
observations have the disadvantage of showing only the end stage
of disease and are limited in their interpretation by the uncertainty
of the extent of post-mortem alterations.

Pilcher, Harrison3* and their co-workers, in 1931, reported
the results of direct analysis of human muscle obtained during
life by biopsy. They studied the changes in potassium only and
used samples obtained from the gastrocnemius muscle taken under
local anesthesia. Their “normal”™ control data was obtained from
patients who had diseases other than the ones being studied, but
nevertheless were in ill health and hence not normal. More recentty,
Mudge and Vislocky® reported their studies on antemortem
human muscle. They obtained their muscle samples during general
anesthesia and analvzed them for nitrogen, fat, chloride, sodium,
and potassium. Again in this instance, however, abnormal individ-
uals were used for the “control” observations.

We have heen able to obtain data on the electrolyte and fluid
composition of biopsied muscle taken from apparently healthy
individuals during life. Since our values for the normal are not
subject to the possible alterations associated with previously
reported “normal” values, it seems worthwhile to report our
findings at this time. In addition, we have accumulated similar
data on individuals with chronic renal disease which show definite
alterations when compared with the normal values. These altera-
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tions permit certain speculations as to the distribution of fluid
and electrolytes in chronic renal disease. .\s have the authors
previously mentioned, we have utilized muscle tissue hecause it is
readily accessible during life. In addition, it is quite representa-
tive of the hody as a whole since it contains, on a fat-free hasis,
75% of the body water and (excluding the skeletal system which
contains 80%) as much hody ash as all other organs and tissues
combined.

MATERIAL AND METI110DS

Analyses were done on muscle samples obtained from nine
mdividuals. The control ohservations were made on five apparently
normal human male volunteers, who had no subjective or ob-
jective evidences of disease. Biopsies were taken from hoth the
deltoid and gastrocnemius muscles in each subject. The ahnormal
studies were done on four cases having chronic renal disease.
There were two cases of late stage chronic glomerulonephritis, one
case of nephrotic stage of chronic glomerulonephritis, and one
case of Kimmelstiel-Wilson disease. These cases varied in the
presence or absence of azotemia and hypertension, but all had
some degree of edema. The muscle hiopsy in these cases was taken
from the deltoid muscle hecause there was some degree of edema
of the legs. There was no apparent edema at the site of the biopsy.

Our method®® of muscle hiopsy analysis is essentially similar
to that used by others.? 7 The overlyving skin and subcutaneous
tissue were infiltrated with novocaine, taking care that no novocaine
was put into the muscle. Approximately 2.5 gms. of muscle were
excised and blotted free of excess blood and fluid with dry gauze.
The specimen was placed in an air-tight specimen hottle and ana-
Ivtical procedures were done within an hour. Connective tissue
and gross fat were removed and the muscle sample was minced
with scissors until paste-like. Two portions were dried for 48
hours at 105°C for the determination of total fluid content. IFat
was extracted with ether.® Muscle chloride was determined
after digestion with nitric acid and silver nitrate hy a modification
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of the Volhard method. Serum chloride was determined by the
Schales method.*®  Nitrogen was determined by the micro-
Kjeldahl method. Sodium and potassium were determined after
digestion with nitric acid by Janke flame photometer, which con-
tains an internal lithium standard.*?

Certain comments should he made about these analytical pro-
cedures. Fat-free samples were not used in all cases, as will be
noted. The chloride method used was found to be the most sat-
isfactory, but it is a titration method using ammonium thiocyanate
and the end-point is not as sharp as one would like. By our tech-
nique, the average percentile deviation from the mean value on
duplicate determinations was = 0.1% for water, = 2.0% for
chloride, = 1.7% for potassium, and == 3.4% for sodium.

From the basic data, certain other values can be calculated.
The extracellular concentration of chloride, potassium and sodium
were calculated from the serum concentrations by using the Don-
nan factor of 1.04. The quantity of extracellular water was
computed in two wavs. This and other calculations will be dis-
cussed subsequently.

RestvLTts

Table 1 shows the data obtained by analvsis of specimens of
deltoid muscle taken from five normal individuals. As mentioned
previously, samples were taken at the same time from the gas-
trocnemius muscle, but only the deltoid values are given since
the abnormal values represent deltoid muscle. There is a normal
variation between different muscle groups, so it seems proper to
compare the same muscle in the normal and abnormal cases. The
first group of figures represents the values for chloride, potassium
and sodium in meq. per Kg. of dry muscle hy direct analysis.
There is considerable variation in these figures. Specimens 7,
17 and 18 are in rather close agreement, while specimens 8 and 11
deviate considerably from the other three. Not being sure whether
these represent technical errors or the wide range of normal,
they are all included and used as the basis for computing the
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TAaBLE I

NORMAL DELTOID MUSCLE

Dry Muscle—meq/ kg “ 7 Whole Allz(s¢'/(;:71)/(’q/kg

Yl ae D ke | | okt W
— + I Na+ Cl— K+ | Na+
*7 119 ‘ 396 171 284 | 94 L 39.4
8 107 | 359 175 274 919 | 448
a1 151 390 ‘ 170 | 35.3 91.0 39.6
7 127 406 183 ‘ 28.6  91.8 34.6
8 125 401 156 289 93.0 36.1
Avg. ; 126 ‘ 390 165 “‘ 29.7 | 91 38.9

*Fat-free analysis.

average figures. \s will he seen later, the figures for abnormal
muscle in most instances are bevond the wide range of normal, as
indicated by these somewhat scattered figures. The average values
are 126 meq. of chloride, 390 meq. of potassium, and 165 meq. of
sodium per Kg. of dry muscle. The second group of figures are
the values for whole muscle obtained by calculating the dry
weight figures on the basis of the undried muscle weight, the
original state in which the muscle was obtained. Since these are
based on the original figures, there is a similar variation modified
to some extent by the percentage of water in each sample. The
averages for whole muscle are 29.7 meq. of chloride, 91.8 meq.
of potassium, and 38.9 meq. of sodium per Kg.

The chloride and sodium contents of whole muscle are ap-
proximately the same as those reported by Mudge and Vislocky ;*?
the potassium value is somewhat higher than these authors found.
When the average potassium value is calculated on the basis of
percentage by weight, it is found to he 0.359% in our cases. This
agrees rather closely with the average value of 0.345% reported
by Pilcher and Harrison** 0.3499% reported by Norm™ in 1929,
and 0.365% reported by Katz in 1896. It differs considerably
from the value of 0.263% reported by Lemotte! in 1928,
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These comparisons, however, are of limited value. In the first
place, as pointed out above, all previously reported ‘“‘normal”
values were obtained from abnormal individuals and/or under
abnormal circumstances, which casts doubt on their normalcy.
In the second place, there is a normal variation hetween muscle
groups, so that one should not attempt to compare values from
different muscle groups. We feel that our values are more
likely to approximate the actual normal muscle content of these
electrolvtes. We think this is particularly true of the potassium
content of whole muscle because of the very close agreement in all
five samples. The fact that his close agreement occurs in the
whole muscle while there is more variation in the drv muscle
values 1s due to the variation in water content. The lowest dry
muscle potassium is found in the specimen having the least water,
and vice versa.

Table T1 shows the fluid distribution within these muscle
samples and the concentration of potassium and rodium in the
intracellular fluid. As in the previous table, there is considerable
variation in these results and, likewise, specimens #8 and #11

TaBLE 11

NORMAL DELTOID MUSCLE
(Based on ‘‘Chloride’’ Space)

| Fluid ' I.C.W.
| L/Kg. Whole Muscle i meq/L
No. I + i + "
Total |E.CW. I.CW. GE.CIV. K NaT | Na+
*7 770 267 | 503 | 347 | 180 | 10.3 190
1
8 744 251 .493 33.7 184 21.3 205
11 767 | 334 .433 8.5 207 0 207
|
*17 774 272 502 3.1 18l 0 18l
*18 768  .278  .490 '  36.2 188 0 188
Avg. | .765 | .280 | .484 36.6 188 | 6.3 194

*Fat-free analysis.
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deviate considerably from the other three. The total fluid is de-
termined by the difference in weight hetween the original whole
muscle sample and the weight after dryving. The other values in
this table are computed from the original data and are based on
the concept that the “chloride space™ is a measure of the quantity
of extracellular fuid ([EC\V .4 414 This coneept is based on the
assumption that chloride 1s not present within the cell and hence
is entirely extracellular.  (There is some doubt as to the validity
of this concept which is discussed in a later section.) By dividing
the amount of chloride per Kg. of muscle in the sample by the
extracellular concentration of chloride, we can obtain the amount
of extracellular fluid per Kg. of muscle. Subtracting this from the
total fluid gives the volume of the intracellular fluid (ICW)
per Kg. of whole muscle. There 1s some variation in the values,
particularly in samples #8 and #11. On the average, each Kg.
of muscle contains 763 liter of fluid, of which .2R0 liter is ex-
tracellular and 484 liter is intracellular. The percentage of total
water which 1s extracellular averages 36.6%.

The amount of sodium and potassium in the 1CW is ob-
tained by multiplying the extracellular concentration by the volume
of extracellular fluid. Subtracting this value from the total quan-
tity in the muscle sample gives the amount of the electrolyte in
the intracellular fluid.  Dividing this by the quantity of intracel-
lular fluid gives the concentration shown in the second portion of
the table. The values for the intracellular concentration of po-
tassium are considerably higher than those previously reported in
humans, but we are inclined to believe that our figures more
nearly approximate the true value.

The values for intracellular sodium are not so rehable and,
as is obvious from our figures, there is considerable doubt as to
their validity. In other words, it is improhable for one normal
person to have 21.3 meq /1. of sodium within his cells and another
normal person to have none.  This is a mathematical phenomena
which affects sodium particularly hecause the quantity of ex-
tracellular sodium is so much greater than the quantity of intracel-
lular sodium, which is quite small. Consequently, any slight techni-
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cal error in determining the volume of extracellular fluid, which
icludes not only the titration of chloride hut also the validity of
the “chloride space,” will cause significant alterations in the quan-
tity of intracellular sodium. In addition, there exists a source of
error in the determination of sodium which gives a percentage
deviation from the mean of 3.4%, which may amount to as much
as 3 meq. per Kg. of whole muscle. Therefore, we doubt the
accuracy of the individual figures for intracellular concentrations
of sodium, hut have presented them for the sake of completeness
and subsequent comparison. The average value of 6.3 is close to
what the normal is considered to be. but such an average is cer-
tainly unsound mathematically.

In order to present this data in a more graphic form, we have
constructed a schematic chart to indicate the probable distribution
of fluid and electrolvtes within the body as a whole (Fig. 1).
In this schema we have utilized data obtained from a variety of
sources, 1+ % % 46 gybstituting our values in those instances where
applicable. We are making the assumption that the values we
found in a small muscle sample apply to the entire hody. This of
course is not completely true because even in muscle tissue itself
there is some variation in the electrolyvte values hetween different
muscle groups. This difference may be as much as 15% for
chloride, 10% for sodium, and 5% for potassium. However, the
variations are relatively insignificant when compared with the or-
der of changes seen in abnormal conditions. In addition, as men-
tioned previously, muscle comprises a large proportion of the
hody water and, excluding bone, a considerable portion of the
body ash. The values obtained in a sample of muscle represent,
therefore, the situation in a large proportion of the entire
body and, perhaps, may be representative of the whole body. The
volume of fluid is shown by the horizontal line and indicates,
for a 70 Kg. man, about 3 liters (5% of body weight) of in-
travascular extracellular fluid, about 11 liters (153% of hody
weight) of interstitial or extravascular extracellular fluid, and
approximately 35 liters (50% of body weight) of intracellular
fluid. Recently, there has appeared in the literature*™*® rather
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Ficure 1. Schema illustrating the normal quantity and distribution of
fluid and electrolytes throughout the body compartments. The horizontal
line represents volume and the vertical line represents concentration.

convineing evidence that the extracellular space is closer to 16%
rather than the 209% as pictured here. This would make the ex-
tracellular volume 11.2 liters instead of 14 liters and move the
line indicating the cell wall slightly to the left. This would not
alter the chart otherwise, and, for the sake of comparison, we
will assume this chart to he approximately correct.

The concentration of electrolyvtes in the different compart-
ments 1s indicated by the vertical line. The extracellular electro-
Ivtes are shown in the left portion of the figure. The concen-
trations shown are accepted values. The intracellular electrolytes
are shown on the right.  We have used our value of 185 for
potassium which is about 30 meq. higher than the 155 which is



248 PORTER ET AL.

generally used. The sodium is an accepted value and approxi-
mates the average we obtained. We have no figures ourselves
on magnesium, but reported values of approximately 40 appear
to be valid. Because of the higher value for potassium and no
known diminution in any other accepted cation value, our observa-
tions raise the total hase concentration within the cell from the
usually accepted 200 to 230. This has given trouble on the anion
side because we have no observations on these to indicate any
specific increase in values, Thus, we have had to raise arbitrarily
the “acid acting™ portion of protein from accepted 65 to 85
and phosphate from 100 to 110. These alterations in accepted
values for protein and phosphate were necessary for balance,
but they may not be justified. Iowever, our interest is primarily
in sodium and potassium and the other alterations, for which we
have no experimental proof, merely complete a possible picture.

TasLe 11T
DELTOID MUSCLE IN CHRONIC RENAL DISEASE

Dry Muscle—meq/kg. I Whole Muscle—meq/kg.
No. D - o
e K+ Na+ ‘ Cl— | K+ Na+
4 194 439 344 ‘ 38.5 87.0 68.2
I N | P
*14 176 423 208 C 384 92.3 15.4
*15 247 382 256 | 53.9 83.6 55.9
*20 248 390 239 H 51.9 81.7 50.2
Avg. 216 } 408 262 45.7 86.2 54.9
| i

*Fat-free analysis.

#4Late stage of chronic glomerulonephritis and pyelitis.
#14 Kimmelstiel-Wilson Disease.

#15 Nephrotic stage of chronic glomerulonephritis.

#20 Late stage of chronic glomerulonephritis.

The clectrolyte and fluid data obtained in the four cases of
chronic renal disease are shown in Tables III and 1V. The

chloride content of whole muscle in chronic renal disease is in-
creased considerably, with values in each case well above the
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normal range and the average increased 54%. Potassium is slightly
below normal in all cases except one, as i1s the average value.
Sodium s increased significantly, with individual values being
above the range of normal and the average showing a 41% in-
crease over the normal.

TaBLE IV

DELTOID MUSCLE IN CHRONIC RENAL DISEASE
(Based on ‘““Chloride’”’ Space)

Fluid | .CW.
) L/Kg. Whole Muscle Meq/L
No. I ‘ Na +
Total | E.C.W. I.C.W. \%E.CW.' K+ | Nat K+
4 802 | 388 | 414 48.4 1 204 | 48.1 252
14 782 | 360 | 422 46.0 1 214 0 214
*1s 782 | .49+ | 288 63.2 | 285 0 285
*20 791 | .455 | 336 57.5 |l 236 0 236
Avg. 789 | 424 | 365 | 53.8 ‘ 235 | 12,0 247
|

*Fat-free analysis.

Total fluid is slightly increased, and there is a striking al-
teration in the distribution of this fluid when calculated on the
basis of *chloride space.” lixtracellular water ix considerably
increased and intracellular water is decreased. This increases the
percentage of extracellular water to average value of 53.8%.
There is an increase in the concentration of potassium and sodium
within the cell. Fig. 2 shows these alterations in graphic form.
Since the increase in potassium and sodium is approximately
25%, we have arbitrarily increased the other cations and anions
25% to balance the concentration. This seems justified by the
fact that there is a calculated reduction in intracellular water of
approximately 25% .
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INTERSTITIAL EDEMA and CELLULAR DEHYDRATION
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FIGURE 2. Quantity and distribution of fluid and electrolytes throughout
the body compartments in chronic renal disease. Data obtained by calcula-
tions based on “chloride space” as a means of extracellular fluid.

DiscussionN

Thus, in chronic renal disease we have found that there is
a considerable increase in chloride and sodium, a slight decrease
in potassium, and a slight increase in total fluid in whole muscle
on direct analysis. Calculations based on the assumption that the
“chloride space” is a measure of the extracellular fluid indicate
further that there is also extracellular edema and intracellular
dehydration, with increased concentrations of intracellular po-
tassium and sodium.
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Pilcher and Harrison® found a more marked decrease in
the potassium content of muscle in one case of renal edema, but
the sample was taken from an obviously edematous area. In
studyving cases with cardiac as well as renal edema they Tound that
the decrease in potassium was somewhat proportional to the degree
of edema but was better correlated with the duration of edema.
We have no specific data on this point. Mudge and Vislocky™?
in three cases of renal acidosis found an increase in sodium and
chloride, a marked reduction in potassium, and a shight decrease
in total water in whole muscle. Their calculated data indicates
decrease in intracellular potassium and an increase in intracellular
sodium. The distribution of fluid did not differ significantly from
the control values.

There are a number of points that make us question the
likelihood of this calculated situation of extracellular edema and
intracellular dehvdration. The first is the possible unreliability of
the “chloride space” as a measure of extracellular Huid under
these circumstances. We are now dealing with an abnormal con-
dition in which it is probable that chloride is intracellular to
some extent and hence not confined exclusively to the extracellular
compartment. The second unlikely factor is the existence of the
considerable cellular dehydration shown here. Such dehyvdration
would seem detrimental to the cells and would be corrected by the
body if it were at all possible. Since there is ample fluid in the
extracellular space, and the cell wall, so far as we know, is freely
permeable to water, there appears to be no reason for the hody to
permit such dehydration. As this situation of extracellular edema
and intracellular dehydration appears to he unlikely, the (uestion
of some other distribution of fluid and electrolvtes in chronic
renal disease is raised. The crux of the problem is the de-
termination of what portion of the total fluid is extracellular and
what is intracellular. Unfortunately, our present technique does
not permit what we would consider a rehable determination of
this under pathological conditions, so that we cannot he sure
what the true picture is.
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However, one other possibility presents itself and that is
that there may be a normal or near-normal distribution of fluid
hetween the extracellular and intracellular compartments. \With
this assumption, the extracellular fluid can be calculated as 36.6%
of the total fluid and a different sort of situation obtained. Such
a calculation will reduce the amount of extracellular edema, which
may not appear justified in patients having some degree of
cedema. As has heen mentioned, there was no obvious edema at
the site of muscle biopsy, hut that does not exclude subclinical
edema. Acutally, the muscle samples were edematous since the
volume of total fluid was increased over the normal. This second
way of calculation merely rearranges the distribution of this
Auid. Actually, there is an increase in extracellular fluid, which
may be the situation in early “subelinical” edema.

Table V shows the comparative data of normal, chronic
renal disease based on “chloride space,” and chronic renal disease
hased on a normal percentage of extracellular fluid. \With the
chronie renal disease values so “corrected,” there is a slight in-
crease in total, extracellular and intracellular water. The intracel-
lular compartment contains a considerable quantity of chloride,

TABLE V
DELTOID MUSCLE

| g | LCWomeqr

Total |E.CW. I.C.W. E.CW.|

Fluid Cl— K+ Na+
Normal .765 .280 . 484 36.6 0 188 6.3
Renal Dis.
(C! space) .789 424 .365 53.8 0 235 12.0
Renal Dis.
(corrected) .789 .289 .500 36.6 29.3 169 35.2

Comparison of average values for fluid distribution and intracellular
concentration of chloride, potassium and sodium. The values for normal
and renal disease (C1 space) have been calculated on the basis that the
chloride space is a measure of the extra-cellular fluid. The values for
renal disease (corrected) have been calculated on the basis that the per-
centage of extracellular fluid is normal.
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an increased concentration of sodium, and a slightly reduced
concentration of potassium. Figure 3 is a graphic presentation of
this possible situation. The values for the other intracellular
cations and anions have heen adjusted arbitrarily to fit the
picture.

INTRACELLULAR CHLORIDE
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Ficure 3. Quantity and distribution of fluid and clectrolytes throughout
the body compartments in chronic renal disease. Calculations based on the
normal percentage of extracellular fluid.

This situation has several points in its favor which make
it & delinite possibility. In the first place, it eliminates the ques-
tionable chloride space as a measure of extracellular fluid. In
the second place, there is no cellular dehvdration, which we feel
is an improbable or unlikely state of affairs. Finally, halance
studies™ on similar patients under treatment with sodium and
potassium acetate indicate that there is a large negative chloride
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balance which cannot be accounted for as coming from the ex-
tracellular fluid. This suggests that there is an increased body
store of chloride in these conditions which may very well be
within the cell.

It 15 impossible, of course, for us to say which of these two
possibilities, intracellular dehyvdration or intracellular chloride, is
the actual situation existing i chronic renal disease. It is our
belief that the true picture lies somewhere in hetween these two
extremes. Certain factors make it appear that the probable situa-
tion is predominantly that of intracellular chloride.

CONCLUSIONS

1. .\ procedure for the determination of water, fat, nitrogen,
chloride, sodium and potassium in a hiopsied piece of muscle has
been described.

2. Normal values, as determined by this procedure in a group
of apparently healthy human volunteers, have heen presented.

3. Smilar observations on subjects with chronic renal disease
and varying degrees of edema show a slight increase in total
flnd. a slight decrease in potassium, and a considerable increase
m sodium and chloride in whole muscle.

4. Calculations from this data show that there is either
(a) extracellular edema and intracellular dehydration, or (b) an
intracellular migration of chloride, an increase in intracellular
sodium and a decrease in intracellular potassium.

5. We are unable to determine accurately the actual situation
but believe that it lies somewhere in hetween these two extremes.
It 15 suggested that the situation is predominantly, if not entirely,
that characterized hy the presence of chloride within the cell.

6. No attempt has been made to explain the mechanism by
which these alterations were hrought about.
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